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The effect of inorganic fullerene-like (IF) WS2 
nanoparticles added to mineral oil which has a potential to 
reduce engine friction was investigated using a reciprocating 
piston ring - cylinder bore bench test system. The test system 
simulates actual engine conditions controlling oil temperature, 
speed, and normal load. Frictional characteristics of various IF-
WS2 nanoparticle concentrations in mineral oil were 
experimentally analyzed. 
After a certain period of running in mixed lubrication 
regime, a significant reduction in friction coefficient was 
observed when the IF-WS2 formulated oil was used. This 
reduction remains to some extent with the reference mineral oil 
even after solvent cleaning. The results show that a thin 
tribofilm gradually forms on the piston ring and the cylinder 
bore surfaces that reduce the coefficient of friction in mixed 
lubrication regime. The effects of lubrication regime, load, 
speed, temperature and surface roughness on tribofilm 
formation were also discussed.  
INTRODUCTION 
  
A significant part of total power loss in internal 
combustion engines is due to friction. Lubricating 
dichalcogenides such as MoS2 and WS2 in platelet form are 
widely used as solid lubricant in various engineering 
applications due to superior frictional behavior of these 
molecules [1]. While Mo or W atoms connected to two sulfur 
atoms by strong chemical bonds form a sturdy load carrying 
layer, weak Van der Waals bonds between the sulfur atoms 
result in low shearing forces in the direction of sliding [1]. WS2 
is more suitable for high temperature applications compared to 
MoS2 due to its higher resistance to oxidation. 
   
Later, these metal dichalcogenides were synthesized as 
fullerene structures where layers grow as co-centric spheres 
resulting in quazi-spherical nanoparticles of 50-350 nm in 
diameter with empty core and a number of studies showed 
significant improvement in frictional properties when these 
particles were added to oil in the form of IF [1, 2]. It is reported 
by several authors that sliding and rolling is the main friction 
mechanism under low load where the shape of the nanoparticles 
are preserved. On the other hand, transfer of delaminated nano-
particles dominates the friction mechanism under higher loads 
[2-4]. 
In internal combustion engine applications, the lubricant 
must adapt to a wide range of speed, loading, temperature and 
surface roughness characteristics. The objective of this study 
was to investigate the effectiveness of IF nanoparticles in 
simulated engine conditions in an effort to reduce the engine 
friction losses. 
EXPERIMENTAL DETAILS 
Reciprocating Bench Test System 
A long stroke - high speed reciprocating piston ring and 
cylinder bore friction testing system developed by Akalin and 
Newaz [5], was improved to test the frictional characteristics of 
formulated lubricants (Fig.1). The system controls the speed, 
normal load, oil temperature and lubricant feed rate and records 
the friction force and normal load in piston ring and cylinder 
bore contact for each crank angle degree simultaneously. A 
cylinder bore segment is fastened to a sample holder driven by 
a direct-drive servo motor. A ring holder transmits the applied 
normal load by means of two dowel pins so that elasticity of the 
ring can be utilized to create area contact between the ring and 
the liner segments.  
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Experimental Procedure 
Mixing DX-30 (SAE 30) mineral oil and IF-WS2 
concentrate, lubricants with various additive concentrations 
were prepared. The piston ring segments are stainless steel with 
Cr plated symmetric profile. The cylinder segments are 
prepared using plateau honed cast iron liners with 0.5 µm (Ra) 
surface roughness. In the first part of the experiments, piston 
ring and cylinder bore friction was measured with the reference 
mineral oil at standard testing conditions (STC). The STC was 
500 rpm speed, 160 N normal load and 70 °C oil temperature. 
The lubricant feed rate was 5 µm/h. The STC corresponds to a 
maximum speed of 2.29 m/s and ~10 MPa contact pressure. 
This running-in period is continued until the friction coefficient 
is stabilized. After this period, formulated mineral oil with IF-
WS2 nanoparticle additive was tested in the STC until repetitive 
data is obtained. Subsequently, the surfaces were cleaned using 
hexane solvent and the tests were repeated with the reference 
oil in order to verify the effectiveness of a potential tribofilm. 
After each period, data was collected according to a 
predetermined test matrix. The complete procedure was 
repeated for various nanoparticle concentrations, using a new 
pair of piston ring and cylinder sample, in order to observe the 
tribofilm formation.  
RESULTS AND DISCUSSION 
Friction Characteristics 
After 100 minutes of running-in period using the reference 
mineral oil, formulated lubricants with 1% and 5% IF-WS2 
additive were tested at the STC for two hours. A reduction of 
5% in average friction coefficient was observed with these 
formulated lubricants. However, the repeated tests with the 
plain mineral oil revealed that the improvement was not 
permanent.  
Average friction coefficient results with 10% IF-WS2 
additive are illustrated in Fig. 2. The initial tests with 10% 
additive did not show significant change in the average friction 
coefficient. However, as the test proceeded with formulated oil 
in STC, a sharp decrease in average friction coefficient was 
recorded. After two hours of testing with 10% formulated oil, 
more than 30% reduction in average friction coefficient was 
observed as a result of transfer film development (Fig 3). 
 
The experiments, performed at various speeds and loads, 
revealed that tribofilm formation rate increases with increasing 
speed while the tribofilm removal rate increases with increasing 
load.  In order to understand the performance of nanoparticles 
on smoother surfaces, the surface roughness of a plateau honed 
cylinder was reduced to 0.25 µm (Ra) and tested with 5% IF-
WS2 nanoparticle additive. The results showed that IF 
nanoparticles are more effective where the surface roughness is 
lower. The rolling effect of IF nanoparticles may contribute to 
the friction mechanism in this case. 
 
 
Figure 1. Reciprocating bench test system. 
 
 
Figure 2. Average friction coefficients at 70 °C, 500 
rpm, 160 N normal load. 
 
Figure 3. Friction coefficient vs. crank angle degree at 
the standard testing conditions. 
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 Surface Characterization 
After the tribological tests, piston ring and cylinder bore 
surfaces were analyzed by micro Raman system which uses a 
He–Ne laser beam with a wavelength of 632.81 nm and 
focused to a spot size of 1–2 µm. It is observed that the 
measured Raman shifts closely match the previously published 
results [6].  In the Raman spectrum of the surface tribofilm, 
WS2 bands are clearly observed at 351 and 419 cm-1 as shown 
in Fig. 4. The Raman spectroscopy results confirm the presence 
of WS2 tribofilm on the piston ring and the cylinder bore 
samples even after running with plain oil and repeated solvent 
cleaning. 
 
Figure 4. Raman spectroscopy of piston ring and 
cylinder bore surfaces. 
CONCLUSIONS 
  
 The effect of IF-WS2 nanoparticles as a potential engine oil 
additive was investigated in simulated engine conditions. The 
following conclusions have been formed based on the 
experimental results: 
 
1) After a certain period of running in mixed lubrication 
regime, WS2 tribofilm gradually forms on the piston ring 
and cylinder bore surfaces that reduce friction coefficient 
significantly.  
2) The tribofilm formation rate increases with increasing 
speed while the tribofilm removal rate increases with 
increasing contact load. In order to reduce friction 
coefficient, tribofilm formation rate must be higher than its 
removal rate. Also, a certain additive concentration is 
necessary for the tribofilm formation. 
3) IF-nanoparticles are more effective where the surface 
roughness is lower. The presence of IF-nanoparticles 
prevents scuffing and may enable the use of cylinder bores 
with lower surface roughness that result in higher tendency 
to develop hydrodynamic lubrication regime and lower 
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